Diode laser spectra of the rare gas -spherical top van der Waals complexes Ar-CH4 and Kr-CH4 were measured in the wavelength region near 1310 cm -1 and assigned. The most prominent lines of both complexes exhibit three dense but well resolved fl Po, °Ro, and R Qo branches, correlated to the R(0) transition of the triply degenerate bending vibration v\ of methane, CH4. A model Hamiltonian based on Coriolis coupled states was applied for the assignment, analysis and fitting of the spectra to within the experimental accuracy of « 15 MHz. The rotational B constants of the upper and lower states determined from the three allowed branches appeared to be strongly correlated. The precision in the determination of the rotational B constants of the two complexes was substantially increased by additional recording of several weak transitions in the nearly forbidden Q Po and r RQ branches, which were fitted together with the allowed transitions. The separation between the rare gas atom and the methane molecule in the ground vibrational state was determined to be 3.999 A and 4.094 A for Ar-CH4 and Kr-CH«, respectively. The measured small values of the splitting between the K=0 and the K = ±1 levels in the vibrationally excited state (0.39 cm -1 and 0.67 cm -1 for Ar-CH4 and Kr-CH4, respectively), which characterizes the anisotropy of the intermolecular potential, indicated that Kr-CH» and Ar-CH4 together with Ne-SiH4 represent examples close to the free rotor limit, where the spherical top CH4 is almost free to rotate within the complex. In comparison, the previously analyzed Ar-SiH4 van der Waals molecule is closer to the hindered rotor limit.
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Introduction
The infrared spectra of Ar-CRj and Kr-CH* complexes in the 3 |im region, i. e. the transitions associated with the 1^3 fundamental band of the triply degenerate stretching vibration of the CH4 monomer, were recorded first by McKellar, using a Fourier transform spectrometer equipped with a low temperature long path cell [1] . Jet spectra of Ar-CRt at even lower temperature in the same spectral range were detected by Lovejoy and Nesbitt [2] , Block and Miller [3] , and Howard with co-workers [4] . However, being limited by the line broadening due to the fast predissociation, Reprint requests to Prof. G. Winnewisser; E-mail: winnewisser@phl.uni-koeln.de.
0932-0784 / 98 / 0800-737 $ 06.00 © -Verlag der the rotational structure of the spectra was not sufficiently resolved, and therefore the spectra remained unassigned. Instead of looking at the region of the stretching vibration of the CH4 monomer, we focused on searching the bending vibration region at longer wavelength near 1310 cm -1 . As reported in our previous papers [5, 6] , the rotationally resolved infrared spectra of the Ar-CR* and Kr-CH4 complexes in the 7 |im region were recorded by diode laser spectroscopy in a supersonic jet.
The structure of the observed spectra was found to be very anomalous compared to other known spectra of similar complexes, although it showed resemblance to that observed by McKellar 1 in the 3 (im band. Both the 3 |im and 7 |im spectra of Ar-CHt and Kr-CH* were quite different from those of the other known complexes of a rare gas atom and a tetrahedral molecule, such as Ar-CF 4 [7] , Kr-CF 4 [7] , Ar-NHJ [8, 9] , and Ar-SiH 4 [10] . The most similar to the Ar-CH 4 and Kr-CH 4 spectra in the 7 fim region is the Ne-SiH 4 spectrum at 5 pm, which was recently investigated and assigned by Brooks et al. [11, 12] , using the approach previously developed by Randall et al. [13] . The characteristic feature of these spectra was the absence of the familiar rotational structures of rigid symmetric or spherical tops, 1. e. compact Q branches, framed by regularly spaced P and R branches.
In this paper we present a theoretical consideration of the rovibrational states of these complexes and the assignment of the observed transitions in the range of the R(0) line of methane. The effective Hamiltonian used in this analysis is similar to the one applied in the Ne-SiFU case. We emphasize here that the present paper supersedes our tentative assignment given earlier for the Ar-CH4 case [5] .
Experimental
The Cologne tunable diode laser (TDL) spectrometer and the experimental procedure were described in details in [6, 14] . Therefore, only a short description is given below.
One of the modes of the TDL was selected by a low resolution grating monochromator. With the aid of beamsplitters, a small part of the laser radiation was tapped for the simultaneous recording of a reference spectrum and for obtaining calibration fringes, produced by a Fabry-Perot etalon with 300 MHz free spectral range. The main part of the TDL beam was directed into a vacuum chamber which contained the supersonic jet. The optical path through the absorbing region in the jet was increased using White type multireflection optics with a base length of 120 mm. The optics were adjusted for 16 passes. The required mixture of methane (typically from 5 to 10% of CR0 with Ar or Kr was prepared with the aid of two mass flow controllers and injected simultaneously into the vacuum chamber through a pulsed slit nozzle (15 |im width, 20 to 40 mm length) at a repetition rate of 80 Hz. The gas from the chamber was evacuated by a 250 m 3 /h roots pump backed by a double stage rotary pump. At a typical stagnation pressure of 2 atm the background pressure in the chamber was kept at a level of 0.1 mbar.
After passing the jet, the TDL radiation was registered by a HgCdTe detector. The wavelength of the TDL was modulated with a 10 kHz sinewave. The signal after preamplification was demodulated by a lock-in amplifier, synchronized with the 10 kHz
modulation frequency. The lock-in amplifier operated in the 2/-mode with a time constant of 0.7 ms. The output of the lock-in was then processed by the boxcar integrator. The timing of the two gates of the boxcar integrator were set shortly before the jet pulse and during the pulse, followed by an appropriate subtraction of the two registered signals performed within the boxcar. This double modulation technique enabled effective reduction of both the low frequency excess noise and the interference base line distortions of the TDL.
Results
For both Ar-CH* and Kr-CRt, the bands observed are in the same region as the R(0) transition of the monomer (1311.430 cm -1 ) and they correlate with the same transition of the monomer (j = 1 <-0) within the two complexes. The corresponding bands are shown in Figs. 1 and 2. As it was already stated in our paper on the detection of these TDL spectra [5] , they resemble closely those, one would expect for perpendicular spectrum originating between a and a 3 Z state of a diatomic molecule in the Hund's case b limit. However, there occurred small but subtle discrepancies in the fit for Ar-CH*, with increasing tendency for Kr-CHU. Now the spectra are best where the terms represent respectively the stretching of the intermolecular bond designated by R, the rotation of the complex and the Hamiltonian of the monomer, while J and j are used for designation of the total angular momentum of the complex and of the angular momentum of the methane part. The last term represents the intermolecular potential V(R, 6, x), which hinders the free rotation of the monomer. The potential V is a function of the intermolecular separation, R, and the orientation of the tetrahedral molecule with respect to the intermolecular axis, described by the two angles 0 and In the limit of fairly low anisotropy of the potential V, j is still a fairly good label of the angular momentum of each monomer state of methane and this is coupled to the intermolecular axis with component K. Thus, the j = 0 states are just shifted in energy by the potential, but the j = 1 rotational states are also split into K = 0 and K = ± 1 levels. As shown in [10] , the expansion of the rotational function, (J -j) 2 , gives rise to Coriolis terms, which mix states of different K and in the limit of small if-splitting can dramatically alter the energy levels. This causes decoupling of the angular momentum j from the intermolecular axis, and it might be thought that a different angular momentum scheme would be more appropriate. However, as discussed by Brookes etal. [11, 12] , tetrahedral complexes are unusual. There are no first order effects of the anisotropy of the intermolecular potential in states arising from j = 1. As a result, all splittings occur as a consequence of mixing of states with different values of j. Hence, unlike 3 E states, the effective value of the angular momentum can deviate quite strongly from its initial value of unity and a proper description of the energy levels requires an explicit incorporation of the Coriolis terms and diagonalization of the appropriate matrix, a 2 x 2 matrix in the case of j = 1. The major effect of the Coriolis term is to remove the degeneracy of the K = ±1 and K = ±2 levels etc. for each j. Thus in the j = 1 state the K = 0 level is coupled to the symmetric combination of the eigenstates with K = 1 and K = -1. These symmetrized states are
|1-) = {|+1>-|-1)}/V2.
The degeneracy of the K = 1 and K = -1 states is lifted by the Coriolis interaction, which only couples the K = 0 state to the symmetric combination | 1 + ). The matrix element is
where j* is the effective value of j which is an empirical parameter determined from the fit. This pushes the I 0) and | 1 + ) levels apart but leaves the | 1~) unaffected. Taking the initial energies of the K = 0 and K = ± 1 levels as -a and a, respectively, the energy levels are given by the eigenvalues of the 2x2 matrix where E v is the vibrational energy and AB = BK=1 -BK=o-There is often insufficient information to determine AB as it is highly correlated with the Coriolis term. In this case, constraining AB to zero, simplifies the above equation to
In the excited vibrational state, the rotational energy of the I 1~) state is given by
Starting in states correlating with j = 0, the selection rule on the total angular momentum is AJ = ±1 for transitions to the mixed | 0) and | 1 + ) states and A J = 0 to the I 1~) states. The energies of the lower levels are B" J(J +1).
The rotational levels of CH4 in the ground vibrational state and in the excited vibrational state are represented in the left part of Figure 3 . The rotational levels corresponding to the end over end rotation of the complex are built on top of the j, n levels of the CH4 part (by definition n = j in the ground state, and n = j , j ± 1 in the excited vibrational state), and are characterized by the J quantum number of the total angular momentum of the complex. The right part of Fig. 3 shows the splitting of one of the J levels in the upper vibrational state into three components I 1 + ),| l-)and|0).
The transitions shown in Figs. 1 and 2 for Ar-CH4 and Kr-CH4 were fitted to the above expressions for upper and lower states and making use of the fact that the strong g Ro and ß P 0 branch lines terminate, respectively, in the lower | 0) and upper | 1 + ) Coriolis coupled components, as it is shown in Figure 3 the intermolecular axis, where the quantum number N corresponds to the angular momentum of the end over end rotation of the complex. The lines were fitted to (6) and (8) using a Levenberg-Marquardt nonlinear least squares method [15] . A centrifugal quadratic distortion term, -D J 2 (J + l) 2 , assumed to be the same in both vibrational states, was also taken into account, which enabled fitting the positions of the lines to the experimental accuracy.
However, because of strong correlation between rotational constants it was not possible to determine precisely the values of the rotational constants in the various states using only the transitions shown in Figs. 1 and 2. This can be understood in the following manner. As soon as the Coriolis term dominates over the initial splitting of the K = 0 and K = ± 1 levels, their energies are given by
Ej = E u + BJ(J+1) ± V2By/j*(j* + \)(J + i). (9)
So approximate expressions for the R and P branches are As can be readily observed, both expressions depend on the same three combinations of constants, so that without further information it is not surprising that it is difficult to determine precise values of all variables. Two possibilities can be used to resolve this problem. One is to observe the microwave spectrum and determine the ground state rotational (and centrifugal distortion) constants directly. This would be the most ""fit 0.00022 0.00025 precise way which should be possible after having the rotational constants preliminarily determined, for example from the IR data. The direct search for the microwave transitions without such preliminary information is complicated by the weak intensity of the transitions due to the small permanent dipole moments of the complexes and also by the fact that it is not possible to identify the internal rotor state of methane (which is characterized by j) in which the microwave transitions occur. An alternative approach is to observe the nearly forbidden Q P 0 or branches. The appropriate transitions are schematically shown in Fig. 3 together with the allowed fl Po, R Qo and Q Ro transitions. Then by combination differences there is information on the ground state rotational constant.
The latter approach was used in the present work. After the strong allowed transitions were fitted, the positions of the low J "forbidden" transitions were predicted, which enabled observation of two ^Po-branch lines and three fi Ro-branch lines in the case of Ar-CR*, and five ß Ro-branch lines in the case of Kr-CH4. The intensity of the observed nearly forbidden transitions relative to the strong allowed transitions is considerably lower than in the case of Ne-SiR* [10] , which is partly due to the higher temperature of the jet in the Ar-CH* and Kr-CH* case (5-7 K in comparison with 0.5 K in the Ne-SiR* experiments), and also because of the lower anisotropy of the intermolecular potential in Ar-CR* and Kr-CR* compared to Ne-SiH*. These transitions were then included in the final fit. The results of the fit are given in Table 1 . The transitions for Ar-CFL* and Kr-CR* are listed in Table 2 and Table 3 , respectively. It should be noted that the use of the observed nearly forbidden transitions in the fit resulted in a relatively small change of the B constants (-0.3% and -0.2% for the ground state rotational constant B" of Ar-CR* and Kr-CFL*, respectively).
Discussion
The spectra of Ar-CR* and Kr-CR* in the R(0) of the monomer have been analyzed in terms of a near free-rotor model. Accurate values of all B rotational constants in all states have been obtained. These constants can be used to determine the separation between methane and the rare gas atom; the values for the j = 0 Table 3 . Observed line positions and the differences to the calculated positions of the j = 1 0 band of KX-CH4 (values are in cm -1 ).
level of the ground vibrational state are 3.999 A and 4.094 A for Ar-CRt and Kr-CR*, respectively. The difference between these two values largely reflects the difference in the size of the rare gas atom. If compared to the Ne-SiH4 complex, both Ar-CH4 and KJ-CH4 display quite small differences in the rotational constants between the K = 0 and K = ± 1 states. This may reflect smaller consequences of the effects of the anisotropy of the intermolecular potential. Such smaller anisotropy effects also manifest themselves in the value of j*. For the methane complexes it is much closer to the free rotation value of 1 (0.90 for Ar-CH4 and 0.87 for KJ-CH4) than in the Ne-SiH4 (j* = 0.53). This deviation from j* = 1 is a consequence of the mixing of states of higher j into the monomer rotational functions for K = 0 and K = ±1. This depends upon both the anisotropy of the potential and the separation of the monomer levels involved. In first order perturbation theory we obtain approximate corrections, and in second order corrections to the energy levels that yield the splittings observed. It is clear that the larger values of the methane rotational constant (5.25 cm -1 as compared to 2.96 cm -1 for SiFLt) is important. However the much larger Coriolis splittings in the V4 = 1 level of CH4 also contribute (see Figure 3) . A precise evaluation of these effects requires a detailed analysis of the hindered rotor dynamics.
Another important difference between Rg-CH4 and Ne-SiH^ is the totally different appearance of the bands. The lower prominence of the "forbidden" r RO and q PQ branches in Ar-CHt and Kr-CFLj would appear to be a consequence of the near free-rotor behaviour of the methane. The strong Coriolis mixing of the states with K = 0 and K = ± 1 leads to the restriction of if as a good quantum number and leads to a new quantum number N where N = J-j. The selection rule AN = 0 leads to the apparent "Q-branch" appearance of the bands in the spectrum.
However all of this depends upon the relative magnitude of the Coriolis mixing term \/2Bj*(J* + 1) • J(J + 1) and the splitting 2a. A measure of the importance of this effect for a given J is given by the value of V2Bj*(j* + l)/2a. The values are 0.436, 0.199 and 0.156 for Ar-CH4, KJ-CH4 and Ne-SiF^, respectively, while it is clear that Coriolis effects are most important in Ar-CH*; the results for Kr-CH* and Ne-SiR* are very similar. The decay of the intrinsic intensity of the r RQ and ^Po branches should decay in a similar way for the last two molecules. The essential difference in the appearance of their spectra results from the great difference in the temperatures of the two species. The rotational temperature of Ne-SiR* in the spectra of [11] is close to 0.5 K, so that only the lowest rotational levels are observed. For the lowest rotational levels the effects of Coriolis mixing are smallest and the asymmetry between the "allowed'V'forbidden" P and R branches is minimal: For the Ar-CR* and Kr-CR* case observed presently, the beam temperature is in the range 5-7 K and the rotational population maximizes in the region of J = 5 -6. For such levels Coriolis effects are dominant and the intensity of fi Ro or ^Po is very small compared to the corresponding R Po or ^Ro and the asymmetry is most pronounced.
We also have performed measurements on the j = 0 <-1 transitions of Ar-CR* and Kr-CR* correlated with the P(l), Q(l) and R(l) transitions of methane. The analysis of the data is in progress and will be presented in a separate paper. The combined results should help to enable the determination of the potential parameters which characterize the anisotropic part of the intermolecular potential.
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